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Abstract 
The paper deals with the techniques of creating metal-carbon components while the mixture of nanotubes (medium 
radius is about 70 nm) and metal nanopowders (particles radius is about 100 nm) is under the influence of laser 
radiation. The experiments on forming metal-carbon compounds out of mixture of nanotubes and nickel 
nanopowders, iron, titanium oxide. It has been shown that there is a possibility to obtain nanostructured material by 
sintering the target material and by forming complex coverings in the process of depositing ablation products on the 
cold substrate surface. 
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1. Introduction 
Carbon nanotubes are a material having a number of unique properties: specific surface, electroconductivity, 
strength etc. The above properties are a basis of effective catalyst carriers for various processes [1]. The addition of 
various metal atoms onto the surface and/or at the ends of nanotubes provides more active catalyst substances [2-5]. 
In this aspect the methods of laser-plasma control of the processes of forming thin films and bulky nanostructured 
materials are promising for creating entirely new materials. Such a control is implemented by changing laser 
radiation parameters (wavelength, form of the beam, pulse duration, time of action etc.) that seriously affects the 
properties of synthesized nanostructures. The new stage involves the methods of the laser forming of bulky products 
when carbon nanotubes are exposed to radiation (see e.g. [6]). This stage also includes obtaining nanostructured 
films out of the arrays of carbon nanotubes doped with metals [7,8], which is of great importance for applications of 
particular interest is obtaining nanostructured film out of carbon nanotubes with titanium oxide nanoparticles on 
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their surface; nanoparticles of titanium oxide being a unique catalyst [9-11]. 
The objective of this work is to synthesize metal-carbon compounds by affecting the samples composed of 
multilayer nanotubes (nanofibers and metal nanopowders mixture). 
2. Experiment description 
2.1. Approaches and techniques 
ɋarbon nanotubes obtained by the scheme given in paper [12] were used during the experiment. The initial type 
of nanotube array is presented in fig. 1. 
The given pictures show that the initial material is a conglomeration of entangled nanofiber [13-16]: the average 
radial size of one fibre about 70nm.  
Those carrying out the experiments with laser action on the substance considered, firstly the creation of metal-
carbon compounds by sintering carbon nanotubes with metals nanopowders on the main sample array and, secondly, 
by the transfer of the target material (laser ablation) onto the surface of a cold substrate, placed directly over the 
target. In order to synthesize  metal carbon materials and create films out of nanotubes and metal nanoparticles 
compounds when the material is transferred during laser ablation  process we used, on the one hand the scheme of 
«sharening effect » [17] during laser action on two-component array and, on the other hand, we implemented the 
conditions for driving a mechanism which is analogous to pulling out fibers during laser action on viscous polymers 
[16] .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. SEM images of carbon nanotubes at different increases of scanning electron microscope: a) increase x 800, 
b) increase x 20 000. 
 
The essence of «sharpening effect» is that during the laser action on the target due to lighter particles ablation 
there may occur a transfer of heavier particles from the target  surface [17]. In our case when nickel melting 
temperature is greatly reduced because of carbon presence [13], we may expect that during laser heating carbon 
nanotubes will join the flow of metal particles which is the result of output vapour action under the condition of 
laser ablation. 
 Moreover, the material transfer from the target surface there may take place a rearrangement of synthesized 
nanostructures similar to that of work [16] when the appearance of deposited structures depended on the pressure 
difference in the area of laser action on the substance and out of its limits. 
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2.2. Test experiment 
Nickel nanopowder whose particle size is less that 100nmwas taken for the test experiment. The reason for the 
choice is that nickel is considered to be a chemical catalyst for forming nanotubes during catalytic deposition of 
carbon vapour [10,12]. Moreover, it is known, that ordered carbon nanostructures can be formed on the nickel 
surface during interaction with carbon [19,20]. 
In following parameters were changing during the experiments: the ratio of mass metal nanopowder 
concentration to the total number of nanotubes, the period of interaction and laser radiation power when the 
diameter of the sample irradiation area is preserved (30μm). Nanotubes were mixed with metal nanopowders by 
means of the device Rotamiks RM-1; the mixture was weighed on the scale VSL-60/0.1Ⱥ with accuracy 0.5mg; the 
total mixture mass being not more that 1g. After being mixed the powder was pressed into a ceramic disk with the 
diameter of 10mm with the force of 4t.  
It should be mentioned that we failed in pressing nanotubes without adding metal nanopowder in spite of the 
availability of amorphous carbon in their composition. This is explained by the fact that incompressibility is known 
to be one of this material features [13]. 
3. Formation of metal-carbon compounds during the process of laser action 
3.1. Diagnostics of the process of laser radiation and two-component target interaction 
In order to study real time scale laser-induced processes on the target surface we used a laser diagnostic system 
on the basis of a laser projector microscope with the Cu-laser (λ=510,4 nm) [21-23]. Laser on a sample array was 
carried out by the radiation of continuous ytterbium fiber laser LS-02-T (λ=1.06 a micron) according to the scheme 
of the back deposition when the beam gets to the target surface (perpendicular or at angle to the surface – up to 60°) 
through the substrate which is transparent for the given wavelength (in our case it was quartz glass which is covered 
with the deposition layer).  
The application of the continuous laser radiation source enabled to study directly (without the influence of non-
stationary effects developed by pulse-periodical action) the process of the target modification during laser radiation.  
In the given set of experiments the time of laser action (fiber laser) was 5 sec; average power – 5 W, laser 
radiation area – 30 μm. This enabled to get power density of 106 W/sm2. Probing laser beam (Cu-laser radiation) fell 
down perpendicular to the sample surface. 
Typical illustrations of laser-induced processes on the target surface obtained during the experiment are given on 
fig.2. 
The registration was conducted with the used of speed camera having the speed of response of 500 frames per 
second; the diameter of the area observed was 500μm. 
As we can see from the given illustrations the process of the target melting (only nickel powder in our case) 
starts at the left top angel (see fig. 2b); during 0.48sec the whole area observed begins to move actively.  
Irregularity of the melting front distribution (the average speed - 1mm/sec) is explained by the non-uniformity of 
the target composition and by the air inclusions in the target. Aberrations in the form of concentric circles and 
ellipses are clearly registered in fig. 2c and 2d. It corresponds to the emergence of melting "bubbles" on a surface. 
The analysis of the obtained dynamic images enable to state, that there is a movement of melting and nanotubes 
array on the target surface. The latter have the form of separate "islands", moving with acceleration from the center 
to edge (according to calculations when comparing a series of the frames í up to 100 mm/sec2) due to the difference 
of pressure in the center of the target and at the edges. It occurs because of vapour back action of a plasma torch 
which arises directly over the target surface radiated by a inhomogeneous in section laser beam with Gauss profile. 
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Fig. 2. Process of modificating  the target made of nanotubes and nickel nanopowder mixture: before the action (a), 
at the time points of 0,16s, o.32s, 0.48s from the beginning of action (b,c,d) correspondingly 
3.2. The study of a target surface after laser action 
The changes in the target surface structure after interaction with laser radiation was observed thanks to the 
change of the target color in the area being affected. This area was investigated by scanning electronic microscope 
(SEM) Quanta 200 3D and nanolaboratory the Ntegra-spectrum.  
3.2.1. Investigation of the target by scanning electronic microscopy 
SEM-images obtained demonstrate forming new structures on the target surface after melt solidification (see fig. 
3). During the local action of a laser beam on the fixed area of the target surface there appears a cavity whose depth 
is not more that 30μm (it corresponds to the depth of the laser beam penetration into the target array).  
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Fig. 3. Changes in the morphology of the target surface: a) nickel crystallites with nanotubes on their surface; b) array of nanotubes with nickel 
particles attached to their surface; c) SEM- picture of the laser action area with colorful element markers: blue dots – nickel, red – carbon; d) X-
ray sample spectrum determining the distribution of elements in the laser radiation zone 
 
Moving from the center of the laser action area results in forming structures of various type. In the very center of 
the area there appear nickel micron crystallites (fig. 3a) in the form of regular polyhedrons which may have 
nanotubes on their surface; nanotubes being mostly oriented perpendicular to the surface.  
The structures of a "coral" type (fig. 3b) are formed closer to the cavity edge; their base is agglomerates of 
nanotubes having  sintered nickel nanoparticles attached to their surface. 
X-ray analysis (on the attachment EDAX of microscope Quanta 200 3D) showed, that on the target surface of the 
area under laser action there is mostly nickel; carbon nanotubes being out of the cavity in the area of local heating 
(fig. 3c). As for mass shares of substances they actually did not change being (fig. 3d)  44.07 % for carbon, 46.06 % 
for nickel and 9.87 % for oxygen (shares in atomic ratio are 72,36%:15,47%:12,17% for carbon, nickel and oxide 
correspondingly); during laser action for 10sec. not more than 0.1 mg of substance is removed from the target 
surface. 
3.2.2. Investigation of the target by Raman spectroscopy 
Changes of morphological and chemical properties of the target surface were determined by techniques of 
Raman-spectroscopy along with measuring the spectra at different points of a target under the local action of 
continuous laser radiation. Because of the small amount of a skin-layer for most metals the method of Raman 
spectroscopy does not allow to register the availability of metal formations on the target surface. As a result, nickel 
is a non-registered material; it’s presence in the investigated area is not fixed. Nevertheless, the analysis of the 
spectra obtained shows that during laser action the reconstruction of carbon structures take place (see fig. 4).  
3μm   5μm 
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Fig. 4. Ramman target spectra obtained by means of a laser with the beam power of 1mW at the wave length of 473nm, exposure time – 10s: 
(a)  the spectrum of initial nanotubes, (b) the spectrum in the area of laser action. Peak D corresponds to the amorphous phase and peak G 
corresponds to the crystal phase 
 
The initial material has a great amount of amorphous carbon which is responded by the peak on 1350 sm- 1 (D-
line). And after laser action the ratio of peak of crystal (1585 sm-1, a G-line) and amorphous phase changes 
dramatically in favour of crystal phase. It is connected with ordering the surface because of self-arrangement 
processes which are the features of metal - carbon systems[24] and which can lead to self-arrangement of both metal 
and carbon depending on the intensity of heat/laser action and the substance concentration in the given area.  
The alternative process is remove amorphous carbon without the immediate destruction of the carbon nanotubes. 
The reconstruction of their structures is also possible. In this aspect the investigation of a cold substrate surface after 
the deposition of  laser ablation products can give an additional information about the processes taking place on the 
target surface as well as in a plasma torch. 
3.3. Investigation of a cold substrate surface after laser radiation 
3.3.1. Experiment description 
The process of depositing particles from the target to the substrate made of laser-induced plasma was carried out 
by the method of direct deposition. The substrate was located on a ceramic washer which provided a gap of 25-50 
μm from the plane of a radiated target. Figure 5 shows the results of metal-carbon compound deposition. The 
deposited layer was formed out of laser action area which is peculiar for the scheme of laser ablation in the presence 
of the atmospheric air, i.e. the scheme used in the experiment [25].  
3.3.2. Investigation of cold substrate surface by SEM 
In case of laser action (laser power - 3W) on the array of carbon nanotubes mixed with nickel nanopowder we 
can observe the formation of the deposited layer looking as "scales" of 600 - 800 nm size on the cold substrate(fig. 
5a). It resembles the structure of nanofiber, formed by twisting some dozens of nanotubes; this being connected with 
sintering nanotubes and nickel in the process of laser ablation. Increasing laser beam power up to 5W and keeping 
the same focusing and action time of 5 s we succeeded in obtaining more sparse grainy structures. Their form shows 
that the structure of nanotubes array is copied on the substrate surface (fig. 5b): white spheres correspond to the 
sintered nickel particles, fibers between them carbon nanofibers. The diameter of these spheres is 150-200 nm, and a 
radial fiber size is 250 nanometers in average.  
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Fig. 5. Forming nanostructured multi-layer films on the basis of nanotubes and nanoparticles: nickel  (a, b); iron (c) and titanium oxide (d) 
 
In order to study the mechanism of forming such nanostructures nickel nanopowder was replaced in the 
experiment by the iron oxide nanopowder (according to[12-13] iron and metals belonging to the iron subgroup are 
catalysts of carbon nanotube growth). With the preservation of the rest equal conditions of the experiment the 
general view of the formed deposited layer didn’t change (fig. 5c): there are fiber bundles of carbon nanotubes 
between more bulky formations in the form of separated “scales” being a connection of carbon nanotubes and 
nanoparticles of iron oxide. 
Thus, the given test series of experiments demonstrated the possibility to obtain nanostructured metal-carbon film 
composed of carbon nanotubes and joined nanoparticles of nickel and iron. 
Then, there were experiments on the deposition of carbon nanotubes mixed with titanium oxide nanopowder 
which is not a catalyst for growing carbon nanostructures. In this case we can expect come changes in the structure 
of the deposited layer obtained on the substrate.  
The main conditions of laser action on the target were remained unchanged. As a result we gained a nanotube 
deposited layer with titanium oxide particles inserted (fig. 5d). However, titanium nanoparticles in the deposited 
layer were not fixed on the surface and were completely covered by carbon nanotubes.  
Increasing the laser power up to 10W we could grow columned and helical structures which were mostly oriented 
perpendicularly to the surface; titanium oxide particles being located at the ends of the given structures and at basis 
(fig. 6).  
5μm 2μm 
3μm 3μm 
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Fig. 6. Forming oriented structures of carbon nanotubes and titanium oxide a) columned structures; b) helical structures 
3.3.3. Investigation of cold substrate surface by mean of Raman spectroscopy 
Investigation of the deposited material surface by techniques of Raman-spectroscopy (see fig.7) showed, that 
more ordered carbon structures are formed in the center of laser action rather than on it’s boundary (the distance 
between these areas is 300-500μm). It can be seen by the ratio of spectrum line intensities corresponding to crystal 
and amorphous carbon (1585, 1350 sm-1).  
 
Fig. 7. Ramman spectra obtained from deposited film: a) in the centre of the deposited layer; b) at the distance of 360 μm from the centre 
 
As it shown in paper [25] the distribution of heavy components, as a result of laser ablation, is localized in the 
central part of particle flow removed from the material surface by laser radiation. In our case it means, that there is 
an active removal (from the target) of amorphous carbon and metal nanoparticles depositing at the distance of 300-
500μm from the action area; this being done due to high speeds. At the same time carbon nanotubes involved in the 
process of removal and distributed in the central part of the particle flow have a lower speed and are localized 
deposition near the area of laser action arranging isolated clusters. 
3.3.4. Formation of the extended deposited layer 
 In order to strengthen the given effect, i.e. to provide the possibility of nanotube ablation at long distances across 
the substrate surface and amorphous phase disappearance, as a result, we have chosen a special experiment 
geometry. For obtaining a more homogeneous (by thickness) covering there was made a gap between the target 
surface and substrate. It was accompanied by sample scanning at the speed of 80 μm/s with the use of stepwise 
coordinate table. The gap size was 2 mm and it was taken to implement the conditions of burning amorphous carbon 
  5μm  5μm 
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in the air [25]. Laser beam was at the angel of 30° to the target surface and it provided an even deposition of the 
substance on a cold substrate. 
 The results of the experiment in the given geometry are presented in fig.8. it is evident that carbon nanofibers 
and clusters with nickel nanoparticles attached to their surface are registered thought the area of the deposited layer. 
In this case Raman spectrum is not informative as the depth of laser beam penetration info the target is 0.5 mm and 
the value of the layer deposited on the substrate does not exceed 100 μm. Therefore, chemical components of the 
substrate itself, which strongly distort the spectrum of the obtained nanostructure, dominate in the spectrum.   
 
Fig. 8. Surface of the deposited layer in the mode of scanning the sample and substrate with the gap between the target and substrate: a) central 
zone of deposition; d) edge zone (1mm distance from the centre of laser beam action) 
3. Discussion and Conclusion  
All the above experiments on nanostructure laser deposition from a radiated target to a substrate demonstrate the 
possibility to control the topology of complex nanostructured coatings made of metal nanopowders and carbon 
nanotubes mixture 
As far as the control is concerned the most promising technique in this field is laser action on the array of carbon 
nanotubes in the presence of metal components being catalysts of carbon nanostructure growth. The result obtained 
are correlation with the research represented in paper [26]. It was shown there that synthesized carbon nanofibers 
have various structures depending on the catalysts applied. Moreover, as it was shown in paper [27], metal 
nanoparticles themselves can also be such catalysts during the growth of carbon nanotubes.  
The analysis of the target surface after laser action shows that there occurs a local melting of target. I this case, 
when a substance is actively evaporating and this process is accompanied by the emergence of a plasma touch above 
the area of laser action, carbon nanotubes being on the melt surface are taken off the target face and are deposited on 
substrate. 
Paper [24] shows that in such a carbon-metal system there may be a formation of fractal structures with self-
organization of carbon on the metal n the process of heat/laser action and/or a formation of fractal clusters connected 
with the development of two-components plasma [28]. Those nanostructure images which we obtained on the 
substrate surface are of a fractal type and have prominent features of similarity. As in case of a homogeneous carbon 
target [25] the distance between the target and the substrate plays an essential role in the topology of nanostructures 
forming during the process of depositing the substance on the substrate.  
The process of forming extended metal-carbon fibers, which we observed, is very close by it’s mechanism to the 
process of pulling out streams by laser action on solid polymeric materials. In our case it is connected with the 
primary melting of nickel which also draws carbon nanotubes during laser ablation. As a result different types of 
nanofibers are formed depending o the distance from the center of lased action area. 
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The method of obtaining metal-carbon nanostructures considered in the article has a perspective for various 
applications when the devices of photonics and optoelectronics are developed as it enables to control the process of 
nanostructuring the substrate surface due to nanotubes and to change morphologic and physics-chemistry properties 
of the obtained samples. 
Work was supported contract #02.513.11.3481 and grant P-545. 
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